Hot-pressed boron carbide (B 4 C) pellet will be used as shielding material in China Experimental Fast Reactor (CEFR) which is the first fast reactor in China. In this paper, two types of B 4 C sample provided by two different units in China were investigated on out-reactor properties, and one type of sample was studied on irradiation performance. Finally, the evaluation of domestic B 4 C pellet as shielding material in CEFR was given: the B 4 C pellets produced in China could satisfy the requirements of CEFR.
Introduction
CEFR, a pool type 65MWe sodium cooled fast reactor, is being constructed in China. Around reactor core, 4 layers of shielding subassemblies filled with B 4 C are arranged in order to shield the neutron escaping from the reactor core by means of the neutron absorption of 10 B. B 4 C is extensively used as control or shielding materials for fast reactors because of its superior properties such as great neutron absorption capability, high melting temperature, light weight and chemical stability at elevated temperature. In this report, two types of hot-pressed B 4 C pellets provided by two units in China were investigated and compared on physical properties, such as the thermal conductivity, linear expansion coefficient, compression, and bending strength. Then a full-size shielding pin filled with 40 B 4 C pellet (produced by one unit of the two mentioned above) was irradiated in Russian Experiment Fast Reactor BOP-60 to the designed burn-up. After the irradiation, the performance of the pellet was analysed. All the data obtained, including physical and irradiation properties were compared with those in literatures. Finally the evaluation of domestic B 4 C pellet performance as the shielding material in CEFR was made. 
Structure of B 4 C Shielding Subassembly in CEFR
In CEFR, there are 320 shielding subassemblies which are arranged in a triangular array at the edge of the core. Each shielding subassembly consists of a hexagonal wrapper tube that contains 7 smaller circular tubes (also called shielding pins), which are filled with the B 4 C pellets. A schematic of the shielding subassembly and cut-out of shielding pin is shown in Fig. 1 . The main design characters of the CEFR shielding subassembly are listed in Table 1 . Table 2 . 
Absorber Material

Performance Analysis
Out-reactor Performance 4.1.1 Microstructure
The surface of the pellets was grinded and polished, and then observed under scanning electron microscopy (SEM). The results are shown in Fig.2 . Although the grain size of No.1 pellet is smaller than that of No.2 pellet, the distribution of grain and pores are all even within the two kinds of pellets. 
Thermal Conductivity
The thermal conductivity is the most important physical performance of B 4 C. The relationship of the thermal conductivity of domestic pellets with the temperature is shown in Fig. 3 , and the data provided by Russian and obtained from literature (1) are also presented in the same figure. The domestic B 4 C shows the curve relationship, otherwise, Russian B 4 C presents the linear relationship. The data of No.1 pellets are close to those of Russian pellets; however, the data of No.2 pellets are lower than those of Russian pellets above 150 °C, and along with the increasing of temperature, the disparity is becoming larger. The data from literature (1) presents the highest thermal conductivity value, and a min. value appears at 500 °C. The thermal conductivity of ceramic material is controlled by many factors, such as density, grain size, lattice imperfection and so on. The thermal conductivity of domestic No.2 pellets is lower than that of No.1 pellets possibly because the density of No.2 pellet is lower. The lower thermal conductivity will directly cause the increment of B 4 C center temperature, as well as the thermal stress inside the pellet during operation. Moreover, when the pellets are used in the reactor, the thermal conductivity will decrease further along with the increasing of the burn-up (2)- (4) . 
Linear Expansion Coefficient
The linear expansion coefficient of domestic B 4 C pellet as well as the data of Russian pellet is shown in Fig. 4 . The values of the two kinds of domestic B 4 C are close to each other, but higher than that of Russian B 4 C. Anyway they are within the range of 2.6×10 -6~5 .8×10 -6 /°C which appeared in literature (1) . The linear expansion coefficient of ceramic material is highly influenced by the material density. Ordinarily, the higher density, the larger linear expansion coefficient value the material has. The higher linear expansion coefficient induces thermal expansion of the pellet inside the reactor. According to the estimation, during the normal operating of CEFR, the average temperature of B 4 C is about 480 °C. At this temperature the thermal expansion of domestic B 4 C will be ~ 1.4 times of that of Russian pellet.
Possion Ratio and Young's Modulus
The 
Compression and Bending Strength
The relationships of compression and bending strength of domestic B 4 C with the temperature are shown in Fig. 5-6 . The compression strength is far above the bending strength, which is a natural property for ceramic material. Some out-reactor performance of these two kinds of domestic hot-pressed B 4 C are comparable with the data in the literatures, such as possion rate, Young's modulus, compression strength, and bending strength. However, the thermal conductivity is higher, and the linear expansion coefficient is larger than the data found in the literatures, which need to be improved through the further experimental study. 
Irradiation Performance
In order to determine the operation performance of domestic B 4 C, the irradiation experiment was conducted. As indicated in the introduction, helium release and pellet swelling are the two most important performances to be investigated during irradiation. Because gas-release designing is applied in the CEFR B 4 C shielding pin, which can release the helium produced during operation, helium release has no serious effect on the life-time of CEFR shielding pin. The key research is turned on the swelling of B 4 C pellet. The reaction of 10 B with neutron produces the He atom and the Li atom, both of which have bigger size than the initial B atom. The Li atom and the partial He atom retained in the substrate induce the swelling. The swelling shows approximate linear relationship with burn-up, and presents drop tendency along the increasing of temperature (7) . If the gap between the cladding and B 4 C pellet is not large enough, the swelled pellet will contact with cladding, and give the mechanical effect. This is one of the main reasons that cause the pin distortion and destruction. The No.1 domestic B 4 C was selected for the irradiation test in the Russian experimental reactor BOP-60. B 4 C pellet with the total height of 800 mm was installed inside one shielding pin which had the same designed parameters, as that would be used in CEFR. Some main parameters are listed below: a) B 4 The irradiation test was conducted inside the reactor for 383 effective days. The max. fast dose of 3.8×10 22 cm -2 (E>0.1Mev) was achieved. The cladding temperature was about 508-570℃. After the test, the burn-up of B and the 10 B were calculated according to the data obtained during the test. The X-ray scanning was carried on the irradiated pin to check the appearance of B 4 C pellet. The axial and the radial change of pellet were measured to determine the swelling of the B 4 C pellet. Moreover, microscopic observation was carried out on irradiated pellet.
Appearance of B 4 C Pellet
From X-ray scanning results, it was found that the pellets on the upper part of pin could be clearly separated from each other; however, the pellets on the lower part could not. After the pin was disintegrated and all the pellets were taken out, it was discovered that among irradiated 40 pellets, only 7 pellets maintained the shape integrity, others were damaged into two or more small parts. Fig. 7 shows the representative appearance of the irradiated pellets. Most of 7 integrated pellets were in the upper part of the pin, which was consistent with the results of X-ray scanning results. The microstructure of the pellet was observed (Fig. 8) , many pellets in the lower part of the pin shows radial cracks. 
Irradiation Swelling
As mentioned in the introduction part, the irradiation swelling of B 4 C pellet is one of the main performances to be investigated. The geometry size of the irradiated pellet was measured by micrometer with the accuracy of ±10μm. Only one pellet at the lower part of the shielding pin was unable to be measured because of the radial direction crack. The results are shown in Fig. 9-10 . Both the diameter and the height of the pellet increased about 0.6-1.4% after irradiation. Because the height of the original pellet (20mm) is bigger than the diameter (16.2mm), the swelling of the pellet on radial direction is larger than that on axial direction. Moreover, it was observed that the max. swelling appeared on the pellet in the center part of the pin, which was ∆V/V = 4.2%. Some comparisons of irradiation swelling data of domestic pellet with other countries was made: (1) Russian experience indicated that the swelling rate of natural B 4 C obtained in BN-600 does not exceed 1.0% (per at.% of boron burn-up) within the temperature range of 450～750 °C (7) . For domestic pellet, the max. average boron atom burn-up obtained in this experiment was 2.3%. If the 1.0% per at.% of burn-up is used for calculation, the max. volume swelling rate for domestic pellet should be ∆V/V = 1.0 ×2.3 = 2.3%, which was far below 4.2%. This indicated that the swelling rate of domestic B 4 C was higher than that of Russian B 4 C. (2) In USA, ∆D/D<1.2％ is the designing limit for the burn-up below 1.5×10 22 cap./cm 3 at 872°C (1) . This value is also lower than 1.4% of domestic pellet. (3) From the data of Japan (8) : ∆D/D(%)＝3.1× 10 B cap./100×10 21 (cap./cm 3 ). According to this value, and using 2.3% as the max. average burn-up, the swelling of domestic pellet should be ∆D/D(%) = 0.65％.This also indicated that the swelling rate of domestic B 4 C was higher. The reason for the higher swelling rate of domestic B 4 C should be investigated further. Anyway, since the gap between the pellet and cladding of the shielding pin of CEFR is designed to be 0.5mm, the max. swelling of ∆D/D＝(0.5×2)/16.2＝6.2％ is permitted for the CEFR shielding pin. This value is quite lager than 1.4％ which was measured in this experiment. Moreover, the thermal-expansion coefficient of cladding material of shielding pin (18×10 -6 / °C at 500 °C) is bigger than that of the B 4 C pellet (4.9×10 -6 /°C at 500 °), which could accommodate more swelling. Therefore, although the swelling rate of domestic B 4 C is higher than data of other counties, no-mechanical-contact between pellet and cladding still could be guaranteed. The examination of the cladding of irradiated shielding pin also confirmed this.
Distance from the center of core，mm Fig. 9 The diameter change of irradiated pellet Although the domestic B 4 C pellets presented some damage and larger swelling during irradiation, no serious influence on the integrity of shielding pin was found. It can be said that the performance of domestic hot pressed natural B 4 C could satisfy the operation requirements of CEFR shield subassembly. 
Conclusions
This report summarized the performance of hot pressed B 4 C produced in China, including physical performance as well as the irradiation properties. The Main results are as follows: (a) Physical performance: the uniform distribution of grain size and pore were found within the two kinds of domestic B 4 C pellet. Compared with the data of other countries, the domestic pellet showed lower thermal conductivity, and larger linear expansion coefficient. (b) Irradiation performance: the swelling rate of domestic B 4 C is higher than that of other countries' pellet. The max. radial swelling rate is ∆D/D=1.4%, and the max. volume swelling rate is ∆V/V =4.2%. (c) Although the performance of domestic B 4 C showed some certain disparity with the data worldwide, the irradiation experiment indicated that the domestic B 4 C could satisfy the requirements of CEFR shielding subassembly under the present designing. (d) Further research is needed on the performance improvement of domestic B 4 C pellet, mainly on increasing the thermal conductivity, reducing the linear expansion coefficient, and enhancing the irradiation swelling resistance.
